best understood for HMR and HML, which contain donor copies of the a and ␣ genes, responsible for cell identity. The HM loci are maintained in a transcriptionally inactive ). An appealing nothe basic transcriptional machinery (whose assembly is tion, therefore, is that SIR instigates a structure which nucleated by TBP) is excluded from a core promoter that sterically hinders the access of regulatory factors and is assembled into a nucleosome. There is considerable GTFs to promoter DNA, thereby impairing transcription. evidence that repressive, higher-order chromatin strucIn support of this idea is evidence that silenced chromatures must unfold, and nucleosomal cores be remodtin is inaccessible to restriction endonucleases in vitro eled, in order for transcriptional activation to take place. 
, lower panel, lane 3). TBP and Pol II are also its promoter chromatin structure, as the constitutive DNase I hypersensitive region is replaced by two novel, absent from the quiescent PHO5 promoter, yet they are readily detected at the transcriptionally competent nucleosome-like structures. Interestingly, DNA footprints mapping to the UAS and TATA regions persist, HSC82 and ACT1 promoters. (HMRa1 is discussed below.) Following heat shock, there is a significant increase although are altered from the wild-type state (Sekinger and Gross, 1999). We show here that essentially normal in abundance of HSF, TBP, and Pol II at the hsp82-⌬HSE1 promoter ( Figures 1A, lane 5 ; 1B, lane 10; and levels of the gene-specific activator, heat shock factor (HSF), and two components of the general transcrip-1C, lane 6), correlating with its increased transcription. We conclude that the ChIP assay provides a highly sentional machinery, TBP and Pol II, remain associated with HMRE/HSP82, despite a 100-fold reduction in transcripsitive measure of factor binding in vivo.
To test whether SIR inhibits the binding of either HSF tion and assembly of the promoter into a complex containing SIR silencing proteins and hypoacetylated hisor TBP, isogenic sir4⌬ and SIR ϩ strains bearing hsp82-2001, an hsp82 allele bracketed 5Ј and 3Ј with HMRE tones. The silenced HMRa1 promoter, similarly assembled into a repressive chromatin structure, is also occupied silencer elements, were processed for ChIP analysis. The sir4⌬ and SIR ϩ genetic backgrounds allowed us by both TBP and Pol II. Our data suggest that contrary to current models, SIR-generated heterochromatin reto directly compare euchromatic and heterochromatic states of the promoter. While SIR represses basal tranpresses transcription principally at a step subsequent to both activator binding and PIC formation. HSP82 transcription is drastically downregulated. Accompanying this is a weakening of protein-DNA interacAs shown in Figure 1A , the HSP82 ϩ promoter is efficiently immunoprecipitated with HSF antibody, and its tions at both UAS and TATA elements, as assessed by KMnO 4 and DMS in vivo footprinting (Giardina and Lis, abundance increases 2-fold upon heat shock. This ChIP is specific since preimmune serum fails to immunopre-1995). To test whether there is a concomitant reduction of HSF and TBP binding at hsp82-2001 upon recovery, cipitate HSP82-containing chromatin (Figure 2A ) and the HSF antibody fails to immunoprecipitate the inactive samples were processed for ChIP as above. At the euchromatic promoter, the mean level of TBP is reduced PHO5 promoter. However, it efficiently immunoprecipitates the HSC82 promoter, whose HSF binding site is ‫%04ف‬ relative to the heat-shocked state, although HSF levels are not significantly affected ( Figure 2B ). In the constitutively occupied in vivo (Erkine et al., 1996). Normalizing to the input signal, it can be estimated that heterochromatic state, despite an 80-fold drop in transcript level, there is neither loss of HSF nor of TBP. SIR under basal conditions, the abundance of HSF is roughly equivalent at the two heat shock genes, and nearly 100-therefore restricts dynamic protein-DNA interactions at HSP82, as both the binding and release of sequencefold higher than at PHO5. In contrast, HSF binding to the noninduced hsp82-⌬HSE1 promoter is virtually abolspecific factors are inhibited. Figure 3A , Sir3p is associated previous work, we found that an hsp82 allele bearing two tandem 5Ј silencers (hsp82-201) is only weakly silenced, with the silenced HSP82 promoter, and at levels comparable to those seen at the silent HMRa1 gene; this assowhereas an allele with the same number of silencers, but bracketing the gene (hsp82-1001), is strongly silenced ciation is not detectable in a sir4⌬ background for either promoter. Moreover, despite a 400-fold increase in tran-(Sekinger and Gross, 1999). Silencing efficiency is further increased by increasing dosage (e.g., hsp82-2001). scription, Sir3p association with HSP82 sequence is only slightly diminished. Very similar results are seen with To explore the molecular basis for this configuration and dosage dependence, we assayed the abundance Sir2p (see below). The absence of Sir2p and Sir3p at HMRE-regulated genes in a sir4⌬ background is consisof Sir2p and Sir3p at four hsp82 alleles bearing different doses and arrangements of HMRE elements. As shown tent with previous studies indicating that the Sir complex is comprised of Sir2p, Sir3p, and Sir4p, and that the in Figure 3B , Sir2p is absent from the HSP82 ϩ promoter, but is readily detectable at each HMRE/HSP82 prointegrity and recruitment of the complex depends on the presence of all three proteins (Hecht et al., 1996; moter. Remarkably, there exists a nearly linear relationship between the abundance of Sir2p/Sir3p and noninStrahl-Bolsinger et al., 1997).
An intriguing question is whether the abundance of the duced HSP82 RNA levels ( Figure 3C , solid line). This Since the strain used is ura3-1, the sole source of orotidine-5Ј-phosphate decarboxylase, essential for uracil biosynthesis, is under control of the SIR-regulated SIR Repression of HSP82 Is Uniform throughout the Cell Population HSP82 promoter. Here, the SIR ϩ genotype was conferred by a SIR4-TRP1 centromeric vector (pSS2). As The association of both activators and silencing proteins with the hyperrepressed promoter suggests, but does expected, cells transformed with either pSS2 or an empty TRP1-CEN vector alone grew well on synthetic not prove, that these classes of proteins coexist within heterochromatin. To provide further evidence for cogrowth medium lacking tryptophan, while only the sir4⌬ strain was capable of robust growth on synthetic ϪTrp, occupancy, we asked whether expression of HMRE/ HSP82 is uniform throughout the population, where all ϪUra medium (Figure 4 ). The SIR ϩ strain grew extremely poorly on medium lacking uracil. Importantly, while there cells would be subjected to strong (but not complete) repression. Such a uniform transcriptional state would is some growth (consistent with detectable transcript in the noninduced hsp82-2001/SIR ϩ strain), no revertants be consistent with activator-repressor co-occupancy. Alternatively, if hsp82-2001 is subject to epigenetic regwere seen in four independent experiments ‫0051ف(‬ colonies scored). Thus, the expression of SIR-silenced ulation, the 100-fold reduction in transcript levels could be a consequence of full silencing of HSP82 in 99% of hsp82-URA3 is uniformly low and shows no tendency to switch to the highly expressed HSP82 ϩ state. This cells, with 1% escaping SIR regulation and expressing a normal level of HSP82 transcript. These expression finding is consistent with co-occupancy of HSF and TBP with silencing proteins at the hyperrepressed promoter. states would be predicted to be metastable, and as such ish. Thus, Pol II abundance at the euchromatic promoter parallels both HSP82 transcript levels and TBP occupromoter raises the possibility that RNA polymerase II is also present, but blocked at a step subsequent to pancy (see Figures 1 and 2) . SIR confounds the correlation between transcription its recruitment. Elongationally paused Pol II has been inferred for a number of euchromatic genes, including and abundance of Pol IIa and Pol IIo. Like TBP, both Pol II isoforms are associated with the noninduced heat the heat shock genes of Drosophila and human (Rougvie and Lis, 1988; Brown et al., 1996); it is thus formally shock promoter-and at levels equaling those seen at the nonrepressed gene-despite a 100-fold reduction possible that heterochromatin silences HSP82 by causing the inappropriate pausing of RNA polymerase. On in transcription. The presence of Pol IIo ser2 at the hyperrepressed promoter implies that SIR heterochromatin is the other hand, since activator-mediated recruitment of TFIID and Pol II holoenzyme are mechanistically distinct not only permissive to initiation, but also to elongation. Following heat shock, Pol IIo ser2 abundance increases events (Ranish et al., 1999) , it is possible that SIR is permissive to TFIID recruitment but not that of Pol II. To several fold, more than that seen for HSF, TBP, or Pol IIa, but far less than the Ͼ500-fold increase in transcription. distinguish between these possibilities, samples were processed for ChIP analysis using either an antibody Interestingly, the relative abundance of Pol IIa ϩ Pol IIo at the heat-shocked, SIR-repressed promoter is compaspecific for Pol II bearing unphosphorylated heptapeptide repeats within the carboxy-terminal domain (CTD) rable to that seen at the heat-shocked euchromatic promoter, when normalized for transcript levels (Figure 6 ; of its largest subunit or an antibody specific for Pol II phosphorylated at serine 2 within its heptapeptide see Discussion). This correlation is lost during recovery, 1995). We have similarly observed SIR-dependent weak-A potential concern is that crosslinking of these facening of the DMS footprint at HSE1, yet both DNase I tors to the HSP82 promoter is adventitious, given that genomic footprinting and ChIP suggest retention of HSF on the one hand, TBP and Pol II are abundant, globally (Sekinger and Gross, 1999; this study). It is possible distributed GTFs, and on the other, HSF is capable of that in silenced chromatin, the activator is maintained cooperatively binding degenerate and distantly spaced in close proximity to the DNA without engaging in its HSEs (Erkine et al., 1999; Venturi et al., 2000) . This connormal, groove-specific interactions. This could be a cern is unlikely to underlie our findings for several reaconsequence, for example, of topological changes that sons. First, the inactive PHO5 promoter, whose presoccur during condensation of DNA into either mitotic ence in each ChIP was analyzed simultaneously with chromatin or heterochromatin. that of HSP82, is bereft of all three proteins. This, in combination with the near total loss of histones seen at the induced heat shock promoters, indicates that the SIR Heterochromatin Restricts the Inducible Binding of Activators and GTFs ChIP assay employed is highly specific. Second, hsp82-⌬HSE1, an allele lacking the high-affinity HSF binding A second important finding is that while constitutively associated factors gain access to the hyperrepressed site, has only 5% as much associated HSF as the WT promoter. This finding is not only consistent with previpromoter, their inducibly binding counterparts generally cannot. This is paradoxical, given that SIR represses ous in vivo footprinting analyses, but it is also in agreement with binding competition assays which have demnoninduced transcription 100-fold, but induced expression only 4-fold. A possible explanation is that constituonstrated that the affinity of HSF for the hsp82-⌬HSE1 promoter is only 4% its affinity for the WT promoter tively binding activators such as HSF gain access to the DNA during S phase, when chromatin is disassembled state (Pol IIa), whereupon it is phosphorylated and maand reassembled. Indeed, HSF has been shown to bind tures into a productive Pol IIo elongation complex (Lu nucleosomal DNA exclusively during the S/G2 phase of et al., 1991; Dahmus, 1994). Here we have used monothe cell cycle (Venturi et al., 2000) . Once bound, HSF clonal antibodies specific for Pol II bearing either the might then recruit TBP and Pol II to the promoter. Subseunphosphorylated or serine 2-phosphorylated heptaquent maturation of heterochromatin, catalyzed by peptide repeat in ChIPs to address at which level SIR flanking silencers, could "seal in" the activators and repression works: (i) by blocking Pol II recruitment; (ii) GTFs, rendering them incapable of carrying out tranby permitting Pol II recruitment but inhibiting the Pol scription. The extended genomic footprints detected IIa→Pol IIo transition; or (iii) at a step subsequent to the previously (Sekinger and Gross, 1999) may reflect these escape of a fully competent elongation complex. Our "sealed in" factors. Heat shock, resulting in a covalent data suggest that SIR utilizes the latter mechanism, modification and/or conformational change in HSF (Wu, given that the relative abundance of Pol IIa and Pol IIo ser2 1995), could activate the pre-bound HSF to stimulate at the noninduced promoter is virtually identical in sir4⌬ transcription without recruitment of additional HSF triand SIR ϩ contexts. We have attempted to detect short, mers. The block to inducible activator and TBP binding, 5Ј-truncated HSP82 transcripts, which might accumuwhile unlikely to be relevant to silencing at the HM loci, late under SIR repression if elongational pausing is ocis consistent with earlier accounts of the refractory nacurring, but none Ն50 nt were seen (see Supplementary ture of SIR-regulated chromatin (see Introduction).
Material below). Thus, if transcription is occurring in a SIR ϩ background, the resultant transcripts must either SIR Heterochromatin: a Static Complex whose be unstable or Ͻ50 nt in length.
Structure and Efficiency of Silencing Is Dictated by
The idea that SIR-induced heterochromatin represses the Local Stoichiometry of Sir Silencing Proteins gene expression at the level of Pol II elongation is apAn intriguing observation is the fact that the nucleopropealing, for it is consistent with previous evidence that tein complex assembled at the hyperrepressed gene transcriptional processivity requires a higher threshold remains substantially unchanged upon heat shock inof activation synergy than transcriptional initiation (Blair duction, despite a 400-fold increase in transcription. et al., 1996; Blau et al., 1996). In support of this, the Positive and negative regulators of transcription cosilent HM loci have been found to be assembled into occupy the promoter and their local abundance remains arrays of closely spaced nucleosomes; it is likely that virtually unchanged following heat shock. Neither DNase HSP82 is packaged similarly, although this has not yet I nor MNase genomic footprints, which together indicate been examined. Such a structure might be expected that profound SIR-dependent changes in structure take to present a considerable impediment to polymerase place at the HSP82 promoter, are significantly altered processivity. Nonetheless, heat shock-activated HSF (Sekinger and Gross, 1999). Similarly, ChIP assays reoverrides SIR repression and we hypothesize that it veal that the distinctive, heterochromatin-specific hisdoes so by overcoming elongational pausing. In this tone acetylation profile at the hyperrepressed promoter regard, the ratio of promoter bound Pol II to HSP82 is not altered by heat shock. Thus, HSF activates the transcript levels is telling. Under noninducing conditions heterochromatic HSP82 gene independently of histone in a euchromatic context ( 
